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Controlling Protein Binding Specificity by a Conformational Shift
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Stefan Becker, Thomas Michael Sabo, Karin Giller, Lee Donghan,
Christian Griesinger, Bert de Groot.
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It is emerging that not only protein structure, but also protein dynamics and
conformational equilibria in proteins control to an important extent protein
function. This holds for enzymes, where often conformational transitions deter-
mine the overall rate, but also for protein-ligand or protein-protein recognition.
When nature makes use of the conformational equilibria to implement certain
functionality in proteins, the question naturally arises whether redesigning
those conformational equilibria would also enable us to manipulate protein
properties. In this work, we demonstrate this for protein-protein binding using
ubiquitin as a test case. Ubiquitin is a protein with promiscuous binding activ-
ity, which is controlled by ubiquitin’s global conformational dynamics. These
global conformational dynamics are dominated by a collective motion between
an open and a closed state. In most complexes, ubiquitin binds preferentially in
either the open or the closed state. In native unbound ubiquitin the ratio be-
tween the open and closed state is approximately one, suggesting that shifting
the equilibrium to either the open or the closed state, would reduce binding to
the non-compatible binding partners. Using a molecular dynamics based pro-
tein design protocol, we screened 126 core mutants of ubiquitin and identified
several that shift the conformational equilibrium between the open and closed
state. The change in binding free energy of those mutants to several complexes
was verified, both computationally and experimentally (using NMR titration).
The observed affinity patterns quantitatively agree with the predictions, thereby
showing that, indeed, a shift in the conformational equilibrium enables us to
shift ubiquitin’s binding specificity and hence its function. Thus, exploiting
the fact that conformational selection depends on the concentration of
binding-competent states, a novel route towards designing specific binding
by conformational shift was demonstrated.
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Reprogramming an ATP-Driven Biological Machine into a Light-Gated
Protein Nanocage
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Supramolecular protein assemblies are attractive materials for engineering
nanoscale machines with controllable functions. Protein monomers have been
engineered to self-assemble into symmetrical complexes, metal-templated struc-
tures and cage-like architectures. The mechanistic complexity of protein ma-
chines, however, has made it difficult to engineer assemblies with not only
new architectures but also desired functions. Here we describe an approach to
controlling functional states of a protein assembly with light. The approach
uses covalently attached molecular spacers that reversibly switch interatomic
distances upon illumination. We applied this strategy to convert an ATP-
dependent homo-oligomeric group II chaperonin to a light-driven machine that
undergoes large-scale conformational changes between open and closed states
visualized by single particle cryo-electron microscopy. The resulting light-
gated nanocontainer can capture and release non-native cargos. The design
principle of alternately stabi-
lizing conformational states
by switching atomic dis-
tances illuminates the coop-
erativity of evolved protein
assemblies and provides a
strategy for engineering other
light-controlled biologically
inspired machines.Platform: DNA Structure and Dynamics
2220-Plat
Sorting Out the Structure of Single-Stranded DNA
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The mechanical properties of single stranded nucleic acids play a vital role in
such dynamic processes as DNA replication and RNA folding. While experi-
ments have demonstrated that duplex DNA molecules behave as ideal worm-
like chains with a persistence length that can be measured accurately, theunfolded single-stranded form of DNA (ssDNA) has been surprisingly recalci-
trant: different biophysical techniques lead to different conclusions. Making
matters worse, all-atommolecular dynamics simulations of ssDNA do not agree
with experiment. This has motivated new experimental and theoretical work. In
recent force spectroscopy and computational studies, McIntosh, Stevens and
Saleh propose models where excluded volume influences long-ranged structure,
while specific ion interactions induce "wrinkles" at short length scales ("Single-
stranded DNA is not a wormlike-chain", Biophys. J. 104, 28). However, direct
structural evidence for thesemodels is lacking. Thus, we perform detailed inves-
tigations of ssDNA homopolymers using x-ray scattering, single molecule
FRET, and quantitative characterization of the ion atmosphere in mono- and
di-valent salt. We develop a novel data-driven ensemble optimization technique
that allows us to visualize the conformational adaptation of the DNA backbone
to changes in the ion atmosphere, including the distinct effects of base stacking
and ion valence. Correlation functions obtained from the structure ensembles,
without reference to polymer or electrostatic theories, nonetheless show signa-
tures of electrostatic excluded volume and strong ion effects at short distances.
We discuss the implications for new polyelectrolyte theories of ssDNA and the
biological role of electrostatics in these systems.
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Single Molecule FRET Studies of DNA Hairpin Folding
Katherine Truex, Hoi Sung Chung, William A. Eaton, John Louis.
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Hairpins are the simplest structures for investigating fundamental aspects of nu-
cleic acid folding mechanisms. For hairpins exhibiting two-state behavior, all
of the mechanistic information is contained in the transition path, the rare event
in single molecule trajectories when the free energy barrier between folded and
unfolded states is actually crossed. The first step toward observing transition
paths is to determine the transition path time. Average transition path times
have recently been directly determined in proteins using the Gopich/Szabo
maximum likelihood method (Gopich, Szabo J. Phys. Chem. B 2009) to
analyze folding/unfolding photon trajectories in single molecule FRET exper-
iments (Chung et al. Science 2012; Chung and Eaton Nature 2013), while the
only experimental study of transition paths in nucleic acids used optical twee-
zer measurements to determine an upper bound of 50 ms in trajectories for a va-
riety of structures (Neupane et al. Phys. Rev. Lett. 2012). Neupane et al. also
reconstructed the free energy surface for an indirect determination of average
transition path times from Szabo’s analytical theory for diffusive barrier
crossing. We use single molecule FRET to study a fast-folding DNA hairpin
with 2 A-T and 2 G-C base pairs in the stem and 21 T’s in the loop immobilized
on a polyethylene glycol-coated glass surface via a biotin-streptavidin-biotin
linkage. The folding time for this hairpin in 500mM NaCl is 530 ms. Maximum
likelihood analysis of 780 transitions in photon trajectories with an average
detection rate of 750 photons/ms yields an upper bound of 4 ms for the average
transition path time, compared to the value of ~3.650.8 ms predicted by Neu-
pane et al. from hairpins with 9-30 base pair stems and 4 T’s in the loop. Cur-
rent experiments use viscogens to slow the transition path for directly
determining the actual value.
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Cellular DNA is packaged through a range of re-modeling proteins. As a result,
disparate regions of the genome may find themselves in close contact with one
another. Here, we address an important and emerging issue resulting from this
fact: what happens when DNA becomes entangled? Is it possible that the me-
chanical properties of DNA can influence interactions of the genome even in
the absence of proteins? Recent experiments have suggested that the handed-
ness of DNA may affect the stability of DNA-DNA pairs.
Using a single-molecule approach, we employ a unique 4-way optical trap to
wrap two separate DNA molecules around one another. By displacing optically
trapped beads, it is possible to slide one DNA molecule along the other. Using
triangulation, we are then able to track the location at which the DNA mole-
cules are entwined. This analysis reveals that a small but clear friction is present
only when sliding the DNA molecule through a right-handed wrap. Moreover,
when sliding the DNA further, tension is built up and then released, giving rise
to an abrupt stick-release force pattern. Strikingly, the latter is once again found
predominantly in the case of a right-handed wrap. By staining the DNA mole-
cules with the force-sensitive fluorescent dye Sytox, we are able to both visu-
alize and measure this build-up and release of force. The stick-release behavior
440a Tuesday, February 18, 2014occurs only after a force of ~65 pN has been applied. This suggests that the
DNA molecules interact at their point of contact via melting of base-pairs,
possibly creating a 3- or 4-stranded complex.
The existence of chiral and force dependent interactions between bare DNA
molecules has strong implications for the study of DNA in confined environ-
ments and raises interesting questions as to their potential importance in vivo.
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Physical Modeling of Chromosome Segregation in E. Coli Reveals Impact
of Force and DNA Relaxation
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The physical mechanism by which Escherichia coli segregates copies of its
chromosome for partitioning into daughter cells is still a mystery, partly due
to the difficulty in interpreting the complex dynamic behavior during segrega-
tion. In several other species of bacteria, a physical segregation mechanism con-
sisting of filament depolymerization generates a force that pulls the newly
replicated chromosome apart from the nascent strand. This suggests that a
similar acting, yet undiscovered force-generating mechanism may exist for
E. coli. In our previous work, we developed a model for a Rouse polymer in
a viscoelastic medium that accurately describes the motion of bacterial chromo-
somal loci between segregation events. In this work, we adapt our model to
examine the effects of a segregation force applied to a single monomer on
the dynamic behavior of the polymer. Previous measurements of chromosome
segregation in E. coli demonstrate that the origin of replication is among the first
regions to be segregated and exhibits a mean displacement that scales as ta/2
where a/2=0.30. Our model demonstrates that the observed power-law scaling
of the mean displacement and the behavior of the velocity autocorrelation func-
tion is a consequence of the relaxation of the DNA polymer and the viscoelastic
environment. We show that the ratio of the mean displacement to its variance
during segregation is a critical metric that eliminates the compounding effects
of polymer and medium dynamics and provides the segregation force. Using
this theory and accounting for additional ATP-dependent fluctuations, we pre-
dict the force of segregation in E. coli to be approximately 0.13 pN.
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Stages of Human Telomerase Catalysis
Joseph Parks.
UC Santa Cruz, Santa Cruz, OR, USA.
Telomerase is essential for telomere homeostasis in most rapidly dividing cells,
including the majority of human cancers. Telomeres are specialized chromatin
structures which distinguish the natural ends of eukaryotic chromosomes from
sites of DNA damage. Catalytically active human telomerase is minimally
comprised of the telomerase RNA (hTR) and the protein telomerase reverse tran-
scriptase (hTERT). DNA binding by telomerase is mediated by both hTR and
hTERT, which align the 3’ end of a single-stranded DNA substrate with a region
of hTR that templates the reverse transcription reaction. After synthesis of a sin-
gle telomere DNA repeat (GGTTAG in humans), the nascent DNA strand must
dissociate from theRNA template and translocate to realignwith the template for
the next round of DNA repeat synthesis. Here, we present a novel single mole-
cule assay that permits direct detection of individual human telomerase enzymes
bound to a DNA substrate. Conformational dynamics within the enzyme-
substrate complex are directly monitored as a distance-dependent change in
the energy transfer efficiency between two dye molecules - a phenomenon
known as Fo¨rster Resonance Energy Transfer (FRET). We have found that hu-
man telomerase, like other telomerases, actively manipulates the DNA:RNA
hybrid length duringDNA synthesis.When template synthesis nears completion,
we observe structural dynamics throughout the entire primer that suggest concur-
rent manipulation of the hybrid and reorientation distal protein-DNA contacts.
Through both FRET and a nuclease protection assays, we have shown that this
rearrangement induces motion of the entire DNA primer, threading the 5’
DNA out of the telomerase complex. Threading of the DNA allows telomerase
to maintain contact with the DNA for processive repeat addition while simulta-
neously providing potential interaction sites for other telomeric binding proteins.
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Studies of T4 Primosome DNA Unwinding by Single-Molecule
Fluorescence-Detected Linear Dichroism
Carey Phelps.
Chemistry, University of Oregon, Eugene, OR, USA.The replication machine (replisome) of the T4 bacteriophage is an important
model system for studies of DNA synthesis in all higher organisms. The
helicase-primase (primosome) complex is one of three major sub-assemblies
of the replisome, whose function is to processively unwind double-stranded
DNA to expose single-stranded daughter strands for template-directed DNA
synthesis. The detailed mechanism by which the primosome complex assem-
bles and performs duplex DNA unwinding is not understood. Recently, we
developed and applied single-molecule fluorescence-detected linear dichroism
(smFLD), which can detect fluctuations of the transition dipole orientation on
microsecond-to-millisecond time scales. We have studied model DNA replica-
tion fork constructs with cyanine fluorophores rigidly incorporated at the fork
junction to monitor ’breathing’ of the backbone as it interacts with the weakly
binding T4 hexameric helicase. Our recent results [1] indicate that the time
scale and distribution of microsecond breathing fluctuations at the replication
fork junction are heavily influenced by the presence of the weakly binding
T4 helicase, and suggest that these motions are on the pathway to the formation
of the fully assembled DNA-primosome complex. The possible significance of
these findings for helicase mechanisms will be discussed.
[1] Phelps, C.; Lee, W.; Jose, D.; von Hippel, P. H.; Marcus, A. H. ‘‘Single-
Molecule FRET and Linear Dichroism Studies of DNA ‘Breathing’ and Heli-
case Binding at Replication Fork Junctions,’’ Proc. Nat. Acad. Sci. (in press,
accepted July 26, 2013, doi/10.1073/ pnas.1314862110).
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A novel class of antiviral drugs has been developed based on a principle
termed ‘‘lethal mutagenesis’’ which aims at artificially increasing the muta-
tion rates such that the viral population collapsed due to the intolerable
amount of mutations. Specifically, KP1212 is a mutagenic deoxycytidine
analog that elevates the G to A mutations in viral genome shown by clinical
studies. It was hypothesized that the mutation originates from the tautomeri-
zation of KP1212 from the canonical amino-keto form to the imino-keto
form, which results in favorable base pairing to A. We systematically char-
acterized the tautomeric equilibria of KP1212 under physiological conditions
using two-dimensional infrared (2D IR) spectroscopy. The intrinsic pico-
second time-resolution of 2D IR enables us to detect various tautomers that
are rapidly interconverting. Moreover, the unique 2D IR cross-peak patterns
for each tautomer allow for unambiguous assignment which is not possible by
traditional techniques. Strikingly, we observed significant amount of enol
population which is regarded as the ‘‘rare’’ tautomer in DNA bases. Finally,
we have performed temperature-jump (T-jump) 2D IR experiments to mea-
sure the tautomerization kinetics. We found that with a 10oC T-jump, the
enol populations increase at the expense of the keto populations on the nano-
second timescale. The nanosecond tautomerization is much faster than the
speed of polymerase (1 millisecond/base), therefore allowing sufficient
time for the formation of mismatched base pairs.
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DNA Sequencing with Protein Nanopores: A Story of Strands and
Nucleotides
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Protein based nanopores have shown great potential as components of DNA
sequencing devices. However for commercial exploitation it is imperative
that the resolution of the method is improved upon. To do so we must under-
stand the biophysics that underpins the movement of both DNA and single nu-
cleotides through engineered protein nanopores.
Here we present a molecular modeling and simulation study of the widely stud-
ied pore-forming toxin; alpha hemolysin (aHL). We use atomistic molecular
dynamics with applied electric fields to mimic the experimental conditions.
Umbrella sampling has been utilized to calculate the free energy profiles of sin-
gle nucleotides through the aHL pore, to pinpoint the location of the energetic
barriers experienced by each of the 4 DNA bases.
Our results provide insights of direct relevance to the production of commercial
nanopore-based DNA sequencing devices.
